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REPORT ON RESULTS ACHIEVED WITH SEAS EXPERIMENTAL MILL

J. Juul
Division Engineer, Haslev

The reason for building the SEAS experimental mill was: /5%

1) tlo attempt operation of a three-phase alternating current
generator with a wind turbine as drive power in conjunction with
exlsting AC installations.

2) to test, 1n natural wind, the wing shapes which have
proved in the wind tunnel to be most feasible for the glven objective.

3} to investigate how much power can be achieved per unit
area which 1s within the periphery of the wingtips, which area
1s ecalled the wingspread area in the Tollowing report.

4) to determine the annual production which can be achieved /6
per unit of wingspread area.

5) to work out experimentally:
a) wthe most favorable wingtip velocity;
b) regulation arrangement of the wing:
¢) the necessary automatic apparatus.

6) to measure the maximum effect of the wind turbine's axle
in the wind direction.

- Construction of the Experimental Mill

A wingspread of 8 m was chosen. In this choice it was
decisive that a larger wind turblne would be more difficult to
experiment with and more expensive to build, and since thé'object
~of the. experiments was to determine the. magnitude of. the various:

*Numbers in the margin indicate pagination in the foreign text.



factors per wingspread area, 1t was assumed that thils size was

sufficient for this purpose.

The height of the tower was chosen at 12 m, because the

previous wind strength measurements were made at that height.

. fig &
ARRANGEMENT OF SEAS TRIAL MU o The tower 1s as
: . ‘ : s

. shown in Flg. 1, braced
- T T T T e — with guywires fastened
D : )
‘ to a ring mounted on &
\ , : ‘ the tower at a height
* - ' : of 7.5 m, in which
s ‘ o the tower can rotate.

The tower's bottom
3 . pivot rests upon an
— ) elastic arm, to which
is fastened a self-

e

Fig. 1.
registering pressure gauge, so that the pressure which appears in
the bottom socket due to tension in the guywires can be measured.
The tension in the guywilres will appear partly due to wind

pressure on the tower itself and partly due to the pressure which
results from the drag of the wind by the mill's path through it.

At the top of the tower there is a housing in which the mill's

main axle is mounted. On this there 1s a chain drive to a counters-

shaft, and from thls the generaftor is pulled with the aid of a
V-belt. In addition, a braking device 1s mounted on the main axle.

The lower portion of the tower goes through the roof of a
shed set on a concrete foundation) where the bottaom socket is
located. In addition,_on the foundation, with the bottom socket
as the cenfter, there is another gear, which 1s connected through
a Transmission to a little electric motor, which can be started



in either direction by & wind vane on the tower and thereby keep
the mill Into the wind.

In the beginning, the experimental mill was equlpped with
two generators, one of 3 kW with six poles and 1000.rpm, and one
of 10 kW with four poles designed for 1500 rpm.

The automatic apparatus was set up in such a way that the
little generator was cut in at 5 m/s of wind. At 8.5 m/s, the
little generator was switched off and the big 10 kW one cut in.
The cut-in and switching occurred with the ald of a wind-pressure
switch.

The wings are constructed as shown in Fig. 2.andihave a form
which was found suitable in wind-tunnel experiments. The outer-
most part of the wings is.shaped like a rotatable flap, whose
axle can move approximately 60 mm in its longitudinal direction
wikth a joint, whereby the flaps can be rotated 90°, so that in
flight they can stand upright with the fixed wilng surface and
perpendicular to 1t.

The tenslon In the axle of the flaps occurs by means of a
wire through the hellow wings to the malin axle, where a system of
levers transmits the motion to a tension rod through the millt!s
maln axle, which has a hole bored through it. The tenslon rod
i1s connected to a plunger in an air pressure cylinder, in such
a way that the mill's wings can be set by introducing compressed
air into the air pressure cylinder, whereby the mechanical
brake is relegsed simultaneously.

The air access to,thé‘0ylindef 1s regulated with the help
of a regulataor valve Which'is'electromagnetically_governed in
such a way that the valve closes off the cylinder!'s. exhaust
aperture at the same time that it opens the air intake when a
voltage 1s applled to the electromagnet.
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In normal operatlion of the Acrgeneratcf, the mill runs at
a fixed rate of revolution without being influenced by varying
wind forces.

In case the A€ generator is shut off from the existing
installation, the current to the regulator valve's electromagnet
15 shut off immediately. The valve will close for air intake and
open for exhaust of alr from the cylinder. The end flaps on the
wings will turn perpendicular to the wing surface and act as
brakes on the wings. At the same time, the mechanical brake on
the mill's main axle will start, and the mill will come to a stop.

If there is an interruptidén in the current from the network,
such.that part of it remalns 1n connection with the asynchronous
generator, it can occur that the mill's generator could be
magnetized by capacitive load on the part of the network which
remains in connectlon with the mill's generator. This wlll then
retaln voltage on the part of the network which the mill's
generator is connected to, insofar as the wind conditions and
the locad permlit. If the load on the network is less than the
equivalent output which the mill can produce, the rate of revo-
lution of the latter will increase and the generator voltage
will climb above normal. In order to prevent this, there is
mounted on the mill's main axle a centrifugal regulator, which
releases alr from the alr pressure cylinder; this prevents the
mill from exceeding the normal rate of revolution appreclably.

In the beginning of February 1950, the experimental mill was
ready to provide current to a 3 x 380/220 ¥V AC network.

In order to determine the experimental mill's output, both
a directly indicating and a self-recording wattmeter as well as
a kWh meter are insénted in its circuit. To determine the wind
force, a self-recording anemometer was placed 80 m from thé
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experimental mill, and a
directly 1ndlcating anemometer
was placed right next to the mill.

The millt's instantaneous
power is determined by taking
simultaneous readings from
the directly indicating watt-
meter and the directly Indicating
anemometer. Due to eddy currents

I B W

in the wind, these readings show

l Q0963 Q16 QIP QY 0101 GOIT 0068 Q041 < o variable conditlons. By making
Teea |

1Au- \\Q\Q\\ %\i e | 1 a .great number of readings and
for 2 31 1 8 7 e “;“?rw I noting these in a coordinate

system with the power as the
ordinate and the wind force as
the abscissa, a curve can be
drawn which glves a relatively accurate picture of the maeguitude
of the power at variocus wind forces. The accuracy of the power
curve can be checked by computing the amount of energy by means
of the indicated wind force multiplled by the power curve's
corresponding units and comparing the result with the kWh meter's
reading. This check was made during the months of May, June,
and July, while the mill was in constant operation. The check
showed good agreement between the computed amount of kWh and

the meter reading of produced kWh.

Fig. 2.

During the power measurements there proved to be no distinct
advantage in usling two generators, each with its own wingtip
veloelity, rather than on1y using a single generator of the proper
gsize. In the first case, construction costs are lnereased and
automation 1s complicated. In the second case, a less expensive
installation is obtained with the simplest possiblé automation.



By changing the generator's pulley, power curves could be
made for variocus wingtlp velocltiles.

Tt proved to be the case that the best conditlons were
obtained at a wingtlp velocity of 38 m/s.

At a wind veloelty of 7 m/s, the efficiency is greatest, i.e.,

70% of the total wind power, and from 6 to 10 m/s wind veloeclty,
the‘average efficiency is around 60%. At a wind velocity above
10 m/s, the effilciency drops so much that a regulation devlce
to reef the mill in strong winds and gales ls superfluous. The
mill will not be able to overload the generator, due to this
condition, no matter how hard the wind blows.

We have found that the wingtip velocity of 38 m/s mentiloned
is most favorable under the wind conditions prevalent en Zealand.
It is possible, however, that it would pay to go up to a somewhat
greater wingtip velocity where wind conditions are different,
with more frequent strong winds than on Zealand.

Curve 2 in Fig. 3 shows power converted per m2 of wingspread
area. This factor can be used to compute the power for other
wingspread areas and to determine the annual obtalnable energy
under different conditions. For example, the annual energy
per m2 of wingspread area is computed for the measured wind
strength at the following locations:

Location S kWh
Dalby H1ill, Central Zealand (1949). . 376
Island of Enﬁ near shore of Smaaland Sea (1949) 627
Blaavandhuk on west coast of Jutland (1949) 702
Meteorological Institute, Copenhagen (1949) '367

Figure 4 shows the number of hours with various wind velocities

for the year 1949 for the localities mentioned above. It will be
evident from this that a considerably greater annual power can be
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rather than inland, even though
the mill is located on a hilltop.

As mentiocned under the
description of the mill's
construction, the wing's power
is regulated by the fact that
the outermcst ends of the wings

are deslgned as brake flaps,

1091 40 which can be rotated by means

of their mounting, so that in

WIVETI® VELOCITY 1 WIND VELOCHT braking position it assumes an

[ 5 4+ 3

T L alignment perpendicular to the
WD VELOCITY  myssnc

wing surface. The brake flaps’
Fig. 3. surface is approximately 4.5%
of the area of the wings toward
\ the wind. These brake

A

}" wd, WIND VELOCITY FREGUENCY CUNE fiep £ d
15000 “ F o SLAND OF END OFF THE SHORES OF SMAALANGS- Sfa 1aps have prove vo
i 14008 \\ B DALEY ML MO -ZEALAND . ! be large enough tO
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brake the power of
the mill so much that
the friection brake
mounted on the maln

axle can stop the
mill completely under
g any conditions.

o
' WIND VELOSTY myaee e |
i L] [ I ] L] e " ” 1 oty '

With the transl-
Fig. 4. .
: tion to operation with
only one generator, the original automatic apparatus was exchanged

with the automatic apparatus shown in Fig. 5.

/9
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SwiTCw FOR GENERATOR }
g1 CENTRIFG AL REGU ATOR with an adjustable oil

[te METWORK
13 COMPRISSED AR TUBE damper, makes contact

>
.Ji:ﬁj%\jljz:] / wlth an electromag-

x netlcally governed

switch for the generator

at a wind velocity of

F WING OF MA L _e_ji v ;

L w0 approkximately 5.5 m/s.
3 meaINAXLE .

4 scCnantc oRARE I v Thls starts up. /llke an

& LEMRATDR .

: ordinary asynchronous

Flig. 5. motor, and when the

wings have reached

sufficient veloclty, the motor works as an asynchronous generator,
in that it is now magnetized by the existling AC network, i.e., it
withdraws kW from it and furnishes kWh. :In case there is no
surplus of kS in the network for the magnetlzation of the generator,
it would concelvably be profitable, at wind power stations with
asynchronous generators, to install capacitors of the proper size
to take over the magnetization of the generator.

In Denmark there are statistics on annual production from
wind electrical statlons in conjunction with smaller AC stations,
which in addition to wilnd power use dlesel engines in conjunction
with storage batteries for electrlcal production. An inspection
of thé annual electrical production by wind power yielded the
following results for the best flve stations 1n the following
categorles:

Wind turbines of recent construction with three
streamllned wings 24 m in diameter, average for
the years 1943-1946, per m< Wlngspread Br€& «.iavaaeaa 212 kWh

Equivalent wlth two wings, 17.5 m-‘in diameter,
per m2 WINgSpread Are8 ..c.sseasssasssssassassaannansa 100 kWh

Older construction with flap-salls and four
wings, 18 m in diameter, per mz‘wingspread ATCE sasaaa 160 kWh



In comparing these flgures with those obtained at fhe
experimental mill, it must be taken iInto account that wind power
stations which produce electricity for existing substatlons must
be located iIn thelr immediate vlieclinlity, which usually means a
bad loecatlon with regard to wind conditions. Furthermore, these
mills must be equipped with an effectlive regulation device in
order to avold excessive voltage varlations in the stations. This
regulation means a cutback of part of the mill's output.

In addition, small electrical stations will not always be
able to consume the mill's entlre output, and conditions do not
always permit accumulation of the portion of the mill's output
which cannot be consumed immedliately.

When considerably better results are obtalned at the experi-
mental mill, it is not only due to a better wing design, but also /10
to a better location, and to the fact that all the energy that
the mill.can produce can be fed Into the AC network without a
cutback.

Decisive in the construction of the tower as well as the
wings 1s the effect which these parts are exposed to at maximum
wind wvelocity.

When the wings of the mill go around in the wind, the latter
is retarded to a greater or lesser degree depending on the wingtip
veloclty and the load on the mill. In case the wings are allowed
-to run without load and as fast as they desire, the wingtip
velocity will be approximately 9-10 times the wind velocity.

The wingspread area willnthen offer just as much resistance to
the wind ag 1f 1t were a completely closed surface. In strong
wind the wings will not only be subjected to great centrifugal
forces, but also to_gbe&t backward-bending éffectsi-whereby the
tower is also subjécted to great..effects 1n the wind diféction.



These effects are considerably greater than those which occur
when the mill is standing still in the same wind.

The axial effects of the experimental mill were measured
up to 25 m/s of wind, and here proved to be 1300 kg, corresponding
to 26 kg/m2 of wingspread area.

Since wind velocities of up to 40-U5 m/s can occur, however,
it must be expected that considerably greater effects can arilse,
which there will probably be a chance to measure before the
experiments are concluded.

These effects will be greatest in the outermost sectlion of
the wings. PFurthermore, it must be expected that variable effects
can arise in the wingspread, because the wind comes 1n eddy
currents to a certain degree, which 1s why the wind velocity is
not homogeneous in the wingspread area. Thus torsion effects and
vibrations can rise in the wings which must be taken into account.

The experimental mill's first set of wings was, as shown in
Fig. 2, constructed so that they were bent backward in the wind
direction. Thereby the centrifugal force in the wings would
partlally offsetithe wind pressure on them. The mill was
originally designed to run at about 145 rpm, but the experiments
proved, as mentioned above, that it was feasible to use only a
generator and let the mill run at only 9C rpm.

At this rate of revolutlon, the centrifugal force in the
wings was not sufficlent to offset the wind pressure. The result
was that after a good 3 months of operation, there was breakage
on the wings. The'supporting‘girders in them were telescoping
tubes, and the result was that the outermost h&alf broke off.

10 .



In the last half of th; month. of July, the mill had been
running in winds up to 25 m/s, and on August:E,the break occurred /11
in a wind of 5-6 m/s. It must therefore have been a matter of
a fatigue break, and a calculation with the recorded effect on
the mill as a basis also showed that the place of breakage 1in
the 25 m/s wind had been subjected to a load corresponding approxi-
mately tc the yield point of steel.

With the velocity at which the ml1ll is now designed to run,
1t appears that the centrifugal force in the wings cannot be of
great lmportance in neutrallzing the wind pressure. The new wings
are therefore constructed as shown in Flg. 6, in such a way that
the pressure on the wings is taken up by stays fastened approxi-
mately in the middle of the wings}

& OF WiNG FOR TRIAL MILE
BETAR Oyigons” comirrve o The stays are made of stream-

lined flat bats, sultably beveled
80 that they offer the least
T possible air resistance.

The experiments dlscussed

. above are limited to the opera-

tlon of a three-phase asynchronous
168/

AC generator driven by wind
turblne adapted to the system.

Theoretically there is a
possibilify of expanding the
system in large units, but in
. practice, it would hardly be
} - feasible to build units larger

i than from 100 to 150 kW,
Fig. 6. because of the transmission con-

ditlons hetween the mill's maln
axle and the AC generator.
11



In order to obtain the quantitiles of energy whlch are
necessary for the system to have practical importance, many units
would be required. There is a possibility of mounting these
units individually, or of mounting several units on common
support towers. In the latter case, it is possible to get some
of the units mounted at a greater height than if they were
constructed on separate towers. In the latter case, 1t would
hardly be worthwhile to bulild the towers higher than 25-30 m.
If, for instance, four units are mounted on a common rectangular
tower, two of the units will be around 50 m high, and thils will
mean a considerable Increase 1n the amount of energy. The
experiments concerning which course of action would be more
economical to pursue have not been concluded.

Furthermore, there is also a chance of using other trans-
mission methods between the mill and the generator than the ones
mentioned above, and different ftransmission conditions may
possibly also mean different slizes of individual units.

At the moment, it may seem quite laborious to have to build
thousands of individual mills, but these would, in that case, be
spread over a large area 1in conjunction with an extensive
supply network.

In Denmark a generationoago, there were about 3000 Dutch
windmills with a wingspread of from 20-24 m, and there were many
more wind engines of smaller sizes on farms and at smaller
Industrial plants. Construction of equivalent wind pcwer stations
of modern design would, however, produce electricity amounting to
almost all of Denmark's present electrical consumpticon.

Construction of wind power statlons to the extent necéSsary
requires large investment of capital, and therefore it is of

12



economic Importance for all possibilitles to be studled in order
to find the best solution to the question.

In order to compare various types of wind power stations, 1t
1s Important to use terms and measurements which can be 1mmediately
compared. It 1s suggested that this question be discussed and /12
that the wind power station's capaclty be Indicated by a table of
the kW output, for example, per m2 wingspread area at a wind
velocity between 5 and 15 m/s and at an outside alr temperature
of 15°C and an air pressure of 1000 millibars.
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